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1 .O INTRODUCTION 

Recent invest igat ions have ident i f ied  potential  source locat ions of con- 
These sources tamination on the Shut t le  Orbiter d u r i n g  on-orbit operations .l 

include o u t g a s s i n g ,  offgassing, f lash evaporator e f f luen t s ,  vernier control 
system, cabin atmosphere leakage and re turn f lux.  
Shut t le  Orbiter i s  designed t o  contain numerous experiments t h a t  a r e  expected 
t o  be extremely sens i t ive  t o  even s l i g h t  amounts o f  molecular contamination. 
A1 t h o u g h  the  e f f ec t s  of molecular contamination vary somewhat for  d i f f e ren t  
molecular species ,  h i g h  mol ecul ar-wei g h t  components such as o i l  s and hydraul i c  
f l u i d s  can r e s u l t  i n  s i g n i f i c a n t  impairment o f  o p e r a t i o n  o r  degradat ion o f  

experiment performance. This i s  par t icu lar ly  t rue  i n  t h e  case of experiments 
u t i l i z i n g  optical  surfaces where a s ing le  monolayer of a contaminant could 

The payload bay o f  the  

I 

compromise the experiment object ives .  2 $ 3  

One method of control l ing contamination i n  the  payload bay i s  the 
Shut t le  Orbiter payload bay l i n e r .  
highly sens i t i ve  t o  contamination, the  lower half  of the  Shut t le  Orbiter 
payload bay inboard cavi ty  will have a l i n e r  consis t ing of a teflon-coated 
Beta g lass .  
generated i n  the  mid-fuselage section from entering the payload bay. 

For those spec i f ic  payloads which a re  

This l i n e r  was designed t o  prevent par t icu la te  contamination 

2 Incorporated i n t o  t h i s  payload bay l i n e r  i s  approximately 6-1/2 f t  

of s ta in less -s tee l  f i l t e r  mater ia l .  This f i l t e r  material will  be in s t a l l ed  
i n  four ports on each s ide  of the payload bay l i n e r  t o  permit gas  exchanges 

1 .  Rantanen, R .  0.; Strange Jensen, 0. A . ,  Crbiter/Payload Contamina- 
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between the  lower mid-fuselage area and the payload bay area.  Air-flow 
patterns between these two areas could cause s igni f icant  pressure differences 
across the l i n e r  due t o  repressurization/depressurization r a t e  changes. 
This f i l t e r  mater ia l ,  rated a t  35 microns, i s  a twi l led ,  double-dutch-weave 
(TDDW) pattern which forces the gas flow t o  change direct ions twice i n  
passing t h r o u g h  the  f i l t e r .  

In the Shut t le  Orbiter configuration, hydraulic f l u i d  systems are  used 
t o  provide the power t o  actuate  devices such as the elevons, main  engine 
gimbal and control systems, l a n d i n g  gear, brakes, and s teer ing mechanisms. 
The Shut t le  Orbiter hydraulic subsystem i s  shown i n  f igure 1 .  This power 
i s  derived from three ,  independent, hydraulic pumps, each driven by i t s  own 
hydrazine-fueled auxil iary-power u n i t  and cooled by i t s  own water bo i le r .  
D u r i n g  on-orbit conditions these devices are  n o t  i n  operation, and the 
hydraulic f l u i d  i s  kept warm by heat from the freon loop .  The hydraulic 
pumps a r e  located on the a f t  bulkhead of the Orbiter.  Numerous f l u i d  l i nes  
for these pumps a r e  routed beneath the payload bay. Should leaks occur i n  
these hydraulic f l u i d  l i n e s ,  hydraulic f lu id  could ( 1 )  sa tura te  the payload 
bay l i n e r  and be emitted i n t o  the payload bay; and/or ( 2 )  transmit t h r o u g h  
the f i l t e r  material where i t  could condense on sens i t ive  payload experiments 
w i t h i n  the  Orbi te r ' s  bay producing deleterious e f f ec t s .  

Recent invest igat ions have been conducted t o  determine the effectiveness 
of the payload bay l i n e r  and f i l t e r  material t o  serve as bar r ie rs  t o  hydraulic 
fluids i f  s p i l l s  or leaks occur in the hydraulic fluid l ines .  The specific 

objectives of these s tudies  were as follows: 

(1)  Measure the transmission r a t e  o f  the hydraulic f l u i d  through 
representative samples o f  the payload bay l i n e r  and f i l t e r  material .  The 
hydraulic f l u i d  used i n  this experiment i s  manufactured per specif icat ion 
MIL-H-83282A and consis ts  of a blend of  several d i f fe ren t  f lu ids .  The 
average molecular weight i s  421. I t s  spec i f ic  heat and vapor pressure a t  
3 7 . 7 O C  a re  0.50 BTU/LBM°F and 0.6 torr, respectively.  
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(2) Measure the r e l a t ive  condensation coeff ic ient  for the hydraulic 
f l u i d .  The condensation coeff ic ient  i s  a dimensionless number t h a t  
represents the r a t i o  between the r a t e  a t  which molecules ac tua l ly  condense 
on a surface and the r a t e  a t  which they s t r i k e  the surface.  4 

(3)  Measure desorption ra tes  for the hydraulic o i l  from contamination 
sensors. Since the hydraulic f l u i d  i s  made o f  a combination o f  components, 
these components may condense a t  d i f fe ren t  col lect ing surface temperatures. 
Desorption r a t e  measurements were performed t o  determine a t  what tempera- 
tures  the condensed products would desorb from the quartz crystal  micro- 
balance. 

2 .O EXPERIMENTAL APPROACH 

The approach t o  this  se r i e s  o f  experiments was simple and straightforward - 
t o  simulate a hydraulic f lu id  leak and measure i t s  transmission r a t e  t h r o u g h  
s ingle  layers o f  the subject materials.  To bet te r  understand the mechanisms 
of the molecule - surface interact ions,  a n d  t o  a s s i s t  i n  math modeling o f  
the bay molecular contamination environment , the  mol ecul a r  condensation 
coef f ic ien t ,  and mass desorption ra tes  were measured. 

Since molecular contamination stemming from Shuttle Orbiter hydraulic 
, f l u i d  l i nes  a re  considered leaks,  a "molecular generator" t o  simulate an 

o i l  leak was designed and fabricated.  A l t h o u g h  we have designed and used 
molecular beam generators ,5 y 6  the  use o f  a broader  molecular source would 

more closely simulate an actual spi l l  or leak. Total mass loss d a t a  o f  
the  o i l  (Bray Oil Co. #83282) a t  room temperature, 37.7OC, and 65OC a t  

t o r r  suggests t ha t  mass f l u x  ra tes  from even small samples would 

4 .  Dushman, S. (ed . ) ,  Sc ien t i f ic  Foundations o f  Vacuum Techniques 
5 .  Richmond, R .  G . ,  "Molecular Eeam Generator'' 
6. Nuss, H. E . ,  "Molecular Contamination Studies by Interaction o f  a 

Molecular Beam w i t h  a Platinum Surface" 
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2 exceed 1 x gm/cm .sec.  These r a t e s  a re  measurable w i t h  the  mass f lux 
sensor (a thermoel ec t r i ca l  ly-cool ed quartz c rys ta l  microbalance , TQCM) b u t  
cause some inconvenience because of saturat ion e f f ec t s .  "* An incident 
mass flux r a t e s  of 1 x 10'' gm/cm .sec. or l e s s  would be ideal i n  terms o f  
TQCM saturat ion e f f ec t s  and s t i l l  maintain reasonably good measurement 
s t a t i s t i c s .  

2 

3.0 EXPERIMENT CONFIGURATION 

The requirements discussed above led t o  the configuration shown sche- 
matically i n  f igure 2 .  The experimental s e r i e s  was conducted i n  a small 
space environment simulation chamber. The dimensions of the chamber a re  
1.1 m diameter and 1 .4  m long; i t s  vacuum systen? consis ts  of a mechanical 
roughing  system and two 4100-l i ter /sec.  o i l  dif fusion pumps w i t h  l iquid-  
nitrogen-cool ed baff les  t o  reduce backs t r eaming  o f  h o t  o i l  molecules i n t o  
the t e s t  region. 
serves as a heat sink and  cryogenically pumps condensable gases such as 
carbon dioxide and water vapor. 
generator,  the samples, and the  TQCM and data system are  described below. 

I 
A liquid-nitrogen-cooled shroud in s t a l l ed  w i t h i n  t h e  chamber 

Other main elements, - v i z .  the molecular 

3.1 Molecular Generator 

The molecular generator consisted of standard,  off-the-she1 f vacuum 

Two copper-constantan thermo- 
system components. The o i l  reservoir  was simply a small 1 .O" quar tz  
viewport mated t o  a 2-3/4" vacuum flange. 
couples, a small 50 w a t t  thin-fi lm heater and f i be r  glass tape insulat ion 
were used t o  measure and control o i l  temperature. The remainder of the  
system were four " d r i f t  tubes" 1.5" diameter w i t h  m a t i n g  2-?,/4" vacuum 
flanges and a right-angle valve. Wrap-around heaters were used on a l l  
d r i f t  tubes and valve and  maintained a t  l e a s t  30°C higher temperature t h a n  
the  o i l  ' to  prevent condensation on the  walls o f  the  molecular generator. 

7.  Visentine,  3 .  T . ,  R .  G .  kichmond, and  I?. F1. Kelso, "Experiment t o  
Measure Mol ecul a r  Outgassing Rates from Shut t le  Orbiter F1 exi bl e Reusabl e 
Surface Insulation (FRSI)" 

"A System for  the Study of Molecular Contamination" 
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3.2 The Samples 

Two types o f  s ing le - l aye r  m a t e r i a l s  were evaluated: (1) a t e f l o n -  
coated Beta g lass c l o t h ,  and (2)  a t w i l l e d ,  double-dutch-weave9 TDDW 
s ta in less -s tee l  f i l t e r .  The te f lon-coated  Beta glass c l o t h ,  Dodge I n d u s t r i e s ,  
X-389-7, i s  t he  same 8 oz l yd  ma te r ia l  used i n  t h e  manufacture o f  space s u i t s  
s ince  t h e  Apo l l o  program. 

2 

The samples a r e  shown i n  f i g u r e  3. 

The hyd rau l i c  f l u i d  used i n  these experiments i s  Bray O i l  Company Flo. 
83282, manufactured per  s p e c i f i c a t i o n  MIL-H-83282A and cons is t s  o f  a b lend 
o f  severa l  d i f f e r e n t  f l u i d s .  The average molecular  weight i s  421. 

3.3 Quar tz  Crys ta l  Microbalance 

The sensing element f o r  t h i s  se r ies  o f  experiments was t h e  TQCM. 
TQCM cons is t s  o f  a sensor, heat s i n k ,  and e l e c t r o n i c s  u n i t  and i s  des 
t o  operate i n  a space environment. The sensor cons is t s  o f  two 10-MHz 
p i e z o e l e c t r i c  quar tz  c r y s t a l s ,  which are  the rma l l y  c o n t r o l l e d  w i t h  a 

The I 

gned 

wo - 
stage the rmoe lec t r i c  device.  
i s  used t o  measure c r y s t a l  temperature. The f r o n t  c r y s t a l  (sens ing c r y s t a l )  
i s  l o c a t e d  behind a window i n  a sensor cover.  The second c r y s t a l  ( re fe rence 
c r y s t a l )  i s  s i t u a t e d  d i r e c t l y  behind t h e  sensing c r y s t a l ,  which sh ie lds  i t  

from t h e  molecular  sources i n  t h e  ex terna l  environment. The heat s ink  i s  
used t o  d i s s i p a t e  heat removed from t h e  the rmoe lec t r i c  dev ice when t h e  
c r y s t a l s  are cooled. 
t h e  c r y s t a l s  t o  produce an audio beat frequency s igna l  from which t h e  
condensing mol ecul  a r  f l  ux r a t e s  are  der ived.  

A p r e c i s i o n  p la t inum res i s tance  thermometer 

The e l e c t r o n i c s  u n i t  generates vo l tages t h a t  d r i v e  

The TQCM operates on t h e  p r i n c i p l e  t h a t  t h e  q u a n t i t y  o f  mass accumulated 
on t h e  sensing c r y s t a l ,  i .e. t h e  i n c i d e n t  molecular  f l u x  l e s s  t h e  evaporat ing 
f l u x ,  i s  d i r e c t l y  p ropor t i ona l  t o  t h e  changes i n  beat frequency produced by 
t h e  e l e c t r o n i c s  u n i t .  

prov ides a measurement o f  t h e  molecular  f l u x  as mass condenses on t h e  
sensing c r y s t a l .  
Hz, and when i t  i s  used w i t h  a data system capable o f  r e s o l v i n g  frequency 
changes as small as 0.1 Hz, mass load ings  as small as 3 x 10- l '  and repro-  

The t ime r a t e  o f  change o f  t h e  beat  f requency I 

/ 
2 The s e n s i t i v i t y  f o r  t h e  TQCN i s  t y p i c a l l y  3.5 x lo- '  gm/cm - 

1 





2 7 ducible flux r a t e s  as  low as 7 x 
A diagram of the TQCM i s  shown i n  f igure 4 .  

g/cm .sec.  have been detected.  

Data system requirements fo r  t h i s  s e r i e s  o f  experiments were s t r a igh t -  
forward although they represent s ta te-of- the-ar t  i n  q u a r t z  c rys ta l  micro- 
balance measurements. 
techniques has shown few w i t h  any potential  t o  measure such m a l l  frequency 
changes (averages of 2 x 
designed spec i f ica l ly  for this  type o f  application and  includes the follow- 
i n g  general capab i l i t i e s :  
integrat ion times, 3 )  se lec tab le  interval  t imes,  and  4 )  automatic mode of 
d a t a  recording. The d e t a i l s  of  t h i s  d a t a  system have been described 
elsewhere and will  n o t  be included here. 

Review o f  current ly  avai lable  instrumentation and  

Hz/sec.). A s  a r e s u l t ,  a d a t a  system has been 

1 )  accuracy of one pa r t  i n  l o 5 ,  2 )  se lec tab le  

9 

4.0 EXPERIMENTAL PROCEDURE 

The vacuum chamber was pumped t o  the  
nitrogen coldwall f u l l y  operat ional .  The molecular generator was heated 
(o i l  t o  6 5 O C ,  d r i f t  t u b i n g  t o  95OC) b u t  was valved o f f  from the  main chamber, 
The TQCM, mounted on a rotat ional  feedthrough, was adjusted t o  the proper 
temperature and rotated out of the  beam t o  measure any background contamina- 
t ion .  
the bulk of a i r  present.  
generator was opened t o  the  main chamber. The TQCM was rotated in to  the  
beam for  measurements every h a l f  hour. 
beam prevented s a t u r a t i o n  of the sensor c rys t a l .  This general approach, 
b o t h  w i t h  a n d  without samples i n s t a l l e d ,  was used th roughou t  t h i s  experiment 
s e r i e s  . 

torr range w i t h  the  l iqu id  

The molecular generator was rough pumped a few minutes t o  eliminate 
The rough ing  valve was closed a n d  the molecular 

Rotation o f  the  TQCK o u t  o f  the  

7 .  Visentine,  J .  T . ,  R .  G .  Richmond, and  R .  M. Kelso, "Experiment t o  
Measure Molecular Outgassing Rates from Shut t le  C'rbi t e r  F1 exi bl  e Reusable 
Surface Insulation ( F R S I ) ~ ~  

Vol tagesll 
9 .  Richmond, R .  G . ,  "Instrumentation for  Measuring Low-Level Currents/ 
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5.0 EXPERIMENTAL RESULTS AND DISCUSSION 

The success of  the experimental approach depended upon the a b i l i t y  o f  
the molecular generator t o  reproduce the  same molecular f l u x  as a function 
o f  time i f  the o i l  amount, o i l  temperature, and vacuum environment conditions 
were careful ly  control 1 ed. Earl ier  attempts t o  control the molecular f l u x  
solely w i t h  the  pressure w i t h i n  the  molecular generator were unsuccessful 
since the pressure was too low t o  measure accurately w i t h  a capacitance 
manometer and too  unstable w i t h  an ionization gage ( sens i t i v i ty  var ied) .  
Four separate twenty-hour runs, made w i t h  the  o i l  temperature 65 - t 1.5OC, 
indicate a flux reproducible t o  w i t h i n  about - t 6% overal l .  Two cubic 
centimeters o f  o i l ,  1.713 - + 0.016 grams, were used for each run. 
o i l  from previous runs was discarded and the o i l  reservoir  thoroughly 
cl eaned. 

Excess 

The next  step was t o  measure the condensation coe f f i c i ent  for the o i l  

(no sample in s t a l l ed ) .  A low, s t ab le ,  f l u x  o f  about 5 x 10-l' g/cm .sec. was 
produced and the crystal  temperature was incrementally lowered from +30°C 
t o  - 4 O O C .  I t  i s  apparent from these data 
tha t  the hydraulic f l u i d  has a unity condensation coef f ic ien t  below about 
-25OC, a value typical of heavy hydrocarbons. The experiment was repeated 
a f t e r  rapid desorbing of  the  condensed contaminant. The data shown i n  
f igure 5 were reproducible t o  be t te r  than - + 32. This can be a t t r ibu ted  t o  
the extremely s tab le  incident molecular f l u x  and the integration method of 
data acquisit ion.  Since the crystal  of the TQCM represents a "near perfect ' '  
substrate  for condensation coef f ic ien t  s tud ies ,  i t  shou ld  be pointed o u t  
t h a t  some uncertaint ies  must be expected when applying these values t o  other 
surfaces ,  e.g. Beta c loth and screen material .  Condensation i s  a complex 
phenomenon. Molecular accomodation i s  dependent on many variables incl u d i n g  
molecular species,  molecular energy, angle o f  incidence, as well as  substrate  
temperature, material ,  and f inish.  
probably be used as  rough approximation for other materials and f inishes  i f  
the  uncertainties a re  understood and acceptable. 

2 

These data a re  shown i n  f igure 5. 

I 

I 

Data shown i n  f igure 5,  however, can 

A reverse of the above procedure yielded the data shown i n  f igure 6,  
the r e l a t ive  desorption r a t e  of  the hydraulic f lu id  from the c rys t a l .  The 
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desorption ra tes  shown i n  figure 6 a re  not l i nea r  b u t  increase exponen- 
t i a l l y  w i t h  microbalance temperature, r e su l t s  typical of heavy ( h i g h  
molecular mass) compounds. I t  was s ta ted  e a r l i e r  t ha t  t he  accumulated 
mass f l u x  as  measured by a quartz crystal  microbalance i s  equal t o  the 
incident mol ecul a r  f l  ux 1 ess  the evaporated f l u x .  This experiment veri f ied 
tha t  the evaporated f l u x  i s  negligible for microbalance temperatures o f  
-25OC or  l e s s .  Repeat o f  this experiment showed reproducibil i ty of  the 
measured values t o  average - + 8.7%, a value somewhat poorer than tha t  
measured for  the  condensation coeff ic ient  study. This can be a t t r ibu ted  t o  
the fac t  t ha t  adsorbed molecules can migrate over the surface,  g i v i n g  r i s e  
t o  coll  i sions w i t h  other mol ecul es , and aggregates o f  adsorbed mol ecul es  
develop. Aggregates a re  bound t o  each other by the condensation energy. 
Uncertainties then can be caused by molecular "island" cluster ing on the 
substrate .  

The molecular generator was operated sans sample t o  ver i fy  the incident 
molecular f lux,  and the  samples were ins ta l led  and the  experiment repeated. 
Typical r e su l t s  of the transmission o f  the hydraulic o i l  t h r o u g h  the screen 
material and the  Beta cloth a re  shown as  curves 2 and 3 o f  figure 7 ,  
respectively.  As can eas i ly  be seen from figure 7 ,  a f t e r  1 2  hours the r a t e  
o f  transmission of  t he  hydraulic f l u i d  i s  about 24.8% and 18.4% for the 
screen and Beta c lo th ,  respectively.  B o t h  o f  these values represent a 
remarkable effectiveness i n  i n h i b i t i n g  f lu id  transmission considering the  
woven charac te r i s t ics  o f  these single-layer samples, In addi t ion,  i t  shou ld  
be noted t h a t ,  due t o  the nature o f  the  experiment, none o f  t h e  samples were 
operated a t  lower than room temperature 25 5 3 O C ,  a temperature i n  w h i c h  the 
condensation coef f ic ien t  i s  near zero. T h i  s suggests t h a t  a1 1 f l  u i  d mol ecul es 
follow line-of-sight o r  scat tered t r a j ec to r i e s  t h r o u g h  the  sample, i . e . ,  
none "saturate"  the cloth.  
the  sample t o  60°C had no measurable e f f ec t  i n  increasing the r a t e  of 
transmitted mol ecul a r  f l  ux .  

I t  was noted tha t  increasing the temperature o f  

One of  the more s igni f icant  on-orbit conditions could n o t  be simulated 

I by our  experiment geometry, - viz .  when the hydraulic f l u i d  temperature i s  
I 

near i t s  nominal value. These conditions occur a f t e r  the payload bay 
doors a re  opened, and the  hydraulic f l u i d  i s  kept warm by c i rcu la t ing  i t  
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through heat exchangers t o  t ransfer  heat from the freon loop. Hydraulic 
f l u i d  temperatures and bay 1 iner temperatures corresponding t o  this mission 
sequence a re  -1 . l " C  and -6OoC, respectively.  
r e su l t  i n  s ign i f i ca t ly  lower incident molecular f l u x .  
payload bay liner a t  -60°C should condense any incident f l u x  and prevent 
i t  from reaching the experiment areas.  The data generated by the  described 
experiment can be considered as worst-case simulation. 

Lower f lu id  temperature will 
In addi t ion,  the 

6.0 CONCLUSIONS 

An experiment has been conducted t o  measure the r a t e  o f  transmission 
of Shut t le  Orbiter hydraul i c  f l u i d  th rough  two sing1 e-1 ayer sampl e materials 
for  one f l u i d  temperature. These materials demonstrate remarkable effective- 
ness i n  i n h i b i t i n g  transmission of the hydraulic f l u i d  considering t h e i r  
woven charac te r i s t ics .  

Although one of the more s igni f icant  S h u t t l e  Orbiter on-orbit conditions 
was not simulated i t  was shown tha t  the conducted experiment could be con- 
sidered as a worst case example. 

The e f fec t ive  condensation coeff ic ient  and the desorption r a t e  of the 
Shut t le  Orbiter hydraulic f l u i d  has been measured, u t i l i z i n g  a sens i t ive  
thermoelectrically-cooled quartz crystal  microbalance, TQCM, and unique data 
acquis i t ion techniques. The values determined by this se r i e s  of experiments 
a re  basl'cally consistent w i t h  those measured for  other heavy hydrocarbons. 

In addi t ion,  i t  has been conclusively demonstrated tha t  a simple 
molecular generator, designed and contructed from standard, off-the-shelf  
vacuum system components, can e f fec t ive ly  and consis tant ly  produce molecular 
fl uxes simul a t i  n g  an o i l  1 eak i n  a space-simul ated environment . 
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